level after four vaccinations although not significantly. Prevaccination regulatory T cell levels were significantly lower in histological responders compared to non-responders (p = 0.03). Feasibility of testing plasma for multiplex cytokine/chemokine analysis and of performing proteomic analysis of PBMCs was examined for potentially identifying biomarkers in the future. While these analyses are feasible to perform, attention needs to be given to how soon the blood samples would be processed after phlebotomy. As sufficient safety of PepCan has been demonstrated, enrollment for the Phase II clinical trial has been opened.
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Introduction
Cervical cancer cases are almost always associated with high-risk HPVs with an annual incidence of 528,000 cases and mortality of 266,000 cases globally [1] . Although effective preventative measures such as Papanicolaou smear screening, HPV DNA testing, and prophylactic vaccines are available, cervical cancer is still the fourth most common cancer in women worldwide. HPV can also cause anal, oropharyngeal, penile, vaginal, and vulvar cancers and is estimated to be responsible for 5.2 % of the cancer burden [2, 3] . Of approximately 200 HPV types described to date, a few dozens are considered to be high risk or associated with malignancy. HPV type 16 (HPV 16) is the most common and accounts for approximately half of cervical cancer cases [4] . Therefore, virtually all HPV vaccines include HPV 16 as a source of antigen. Many versions of HPV therapeutic vaccines are in development (recently reviewed in [5] ) including a DNA-based vaccine (E6 and E7 genes of HPV types 16 and 18 delivered by electroporation) for which successful Phase II clinical trial results were recently reported [6] . The HPV therapeutic vaccine being developed by our group, called PepCan, contains four current good manufacturing practice-grade synthetic peptides covering the HPV 16 E6 protein and Candin ® (Allermed, San Diego, CA), a colorless extract of Candida albicans, as a novel adjuvant [7] . The idea to use Candin as a vaccine adjuvant came about from clinical studies that showed that injections of recall antigens such as Candin are effective in regressing common warts [8] [9] [10] [11] [12] [13] . Furthermore, in vitro studies have shown T cell proliferative effects of Candin and its ability to induce IL-12 secretion by Langerhans cells [14] , the main antigen presenting cells in skin. While the standard surgical treatments for high-grade squamous intraepithelial lesion (HSIL) are very effective, a non-surgical alternative is needed because of a recently recognized, unintended side effect, namely an increase in the preterm delivery rate from 4.4 to 8.9 % [15] . Furthermore, prophylactic vaccines are not effective once HPV infection is established [16] . Therefore, if an HPV therapeutic vaccine is approved for clinical use, it is likely to become the first-line therapy for women with HSIL who wish to become pregnant. The dose-escalation portion of this single center, single arm, dose-escalation, Phase I clinical trial (NCT00569231) was previously reported [17] . PepCan was administered intradermally every 3 weeks, and a loop electrical excision procedure was performed 12 weeks after the last injection. This manuscript reports the results of the final dose phase and the feasibility of performing cytokine/ chemokine and proteomic analyses for identifying potential biomarkers in the Phase II study (NCT02481414).
Methods

Final dose part of Phase I clinical trial
The study design, vaccine composition, methods for laboratory testing (peripheral HPV 16-specific T cell responses, peripheral immune cell phenotype, and HPV DNA), and statistical analyses were previously described for the doseescalation portion of the clinical trial [17] . Subjects with biopsy-confirmed HSIL regardless of HPV types detected were eligible. In the final dose phase, ten additional subjects were vaccinated at the 50 μg per peptide dose, which was shown to have the highest histological regression rate. This protocol was approved by the Institutional Review Board, and a written informed consent was provided by each subject.
HPV 16 viral load
A method described by Mirabello and colleagues was followed [18] to determine the HPV 16 viral load in subjects in whom HPV 16 was detected at entry and at exit using Linear Array HPV Genotyping Test (Roche Molecular Diagnostics, Pleasanton, CA). Thin-Prep samples (Hologic, Marlborough, MA) containing cervical cells were used for both analyses. Briefly, quantitative real-time PCR was carried out using iQ SYBR Green PCR Master Mix (Bio-Rad Laboratories, Hercules, CA) with diluted DNA and HPV 16 E6 primers (5′-aaagccactgtgtcctgaaga-3′ and 5′-ctgggtttctctacgtgttct-3′, [19] ) or GAPDH primers (5′-cgagatccctccaaaatcaa-3′ and 5-catgagtccttccacgataccaa-3′, [20] ). Amplifications were performed using a Bio-Rad CFX 96 Real-Time PCR Detection System (BioRad Laboratories) with an initial denaturation at 95 °C for 5 min. This step was followed by 40 cycles of 95 °C for 10 s and 55 °C for 20 s for HPV 16 E6 or 30 cycles of 95 °C for 15 s, 50 °C for 30 s, and 72 °C for 20 s for GAPDH. Data acquisition was performed at 510 nm at 55 °C and 72 °C, respectively. The standard curve for HPV was derived by amplification of a serially diluted quantitative synthetic HPV 16 DNA (American Type Culture Collection, Manassas, VA) in the presence of 100 pg of human placental DNA. The standard curve for GAPDH was obtained using serial tenfold dilution of placental DNA starting with 250 ng of DNA. The amount of DNA was converted to cell number by assuming that 6.6 pg of DNA is present in a diploid cell [18] . Mean threshold cycle (CT) values of triplicate specimens at each dilution were used to generate standard curves, and mean CT values of sample duplicates were used for calculating quantities. Entry and exit DNA samples from the same subjects were analyzed in the same PCR run. HPV 16 viral loads were determined using E6 copy numbers and were not meant to be an absolute quantification. The specificity of amplifications was determined through melting curve analyses.
Multiplex cytokine/chemokine analysis
Plasma samples from 19 consecutive blood samples drawn at a research clinic between July 2014 and March 2015 were separated by centrifugation and frozen in a −80 °C freezer at 1 and 2 h after blood draw. Plasma samples separated within 1 h from pre-vaccination blood sample and post-2 vaccination blood samples were available from 19 subjects throughout the study. Pre-vaccination plasma samples only were available from 2 more subjects (n = 21). The quantities of IL-1β, IL-1 receptor agonist (IL-1RA), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, eotaxin, basic fibroblast growth factor (FGF), G-CSF, GM-CSF, IFN-γ, IFN-γ-induced protein 10 (IP-10), monocyte chemotactic protein 1 (MCP-1), MIP-1α, MIP-1β, platelet-derived growth factor subunit B (PDGF-BB), regulated on activation, normal T cell expressed and secreted (RANTES), TNF-α, vascular endothelial growth factor (VEGF), IL-2 receptor α (IL-2Rα), chemokine (C-X-C motif) ligand 1 (CXCL1), hepatocyte growth factor (HGF), IFN-α2, LIF, chemokine (C-C motif) ligand 7 (CCL7), macrophage migration inhibitory factor (MIF), chemokine (C-X-C motif) ligand 9 (CXCL9), β-nerve growth factor (β-NGF), stem cell factor (SCF), stem cell growth factor β (SCGF-β), TRAIL, IL-16, and IL-18 in selected plasma samples were determined using a commercially available Bio-Plex kit (Bio-Rad Laboratories) according to the manufacturer's instructions using a MAGPIX instrument (Bio-Rad Laboratories). Plasma levels of TGF-β1, TGF-β2, and TGF-β3 were determined using a separate Bio-Plex kit as acid treatment was required.
Proteomic analysis
Blood was drawn from a healthy donor (40 ml) and vaccine recipients (60-80 ml) in vacutainer tubes containing sodium heparin, and PBMCs were isolated using a ficollhypaque gradient method. For proteomic analysis, one vaccine recipient was from the 50 μg/peptide group, two vaccine recipients were from the 100 μg/peptide group, and two additional vaccine recipients were from the 250 μg/peptide group. One subject was a complete histological responder. Another subject was a partial responder while the remaining three subjects were non-responders.
For the healthy donor, half of the blood sample was processed on the day of the blood draw and the other half on the following day. For vaccine recipients, all samples were processed on the day of blood draw and as soon as possible. Twenty milliliters of blood was diluted with 15 ml of sterile 0.9 % sodium chloride (NaCl) solution in a polystyrene 50 ml conical tube, and 15 ml of Ficoll-Paque PLUS (GE Healthcare, Fairfield, CT) was gently underlaid below the mixture. The tube was centrifuged (485g) for 25 min at room temperature, with the brake turned off. The buffy coat layer was transferred to another tube using a sterile polyethylene transfer pipet, and the tube was filled with NaCl solution to the 50-ml mark. The tube was centrifuged at 175g for 20 min. The cells in 10 % of the overlaying wash buffer were retained and washed once more in NaCl solution (485 g for 10 min). PBMCs were frozen in FCS with 10 % DMSO and stored under liquid nitrogen.
Duplicate proteomic analyses were conducted on PBMCs from the healthy donor. PBMC samples from vaccine recipients were analyzed once. The frozen cell pellets were transported on dry ice to the University of Arkansas for Medical Sciences Proteomics Core Laboratory where mass spectrometry was performed. After thawing, cell pellets (3 × 10 6 ) were lysed and digested with trypsin using filter-aided sample preparation (FASP) in 4 % SDS, 100 mM Tris-HCl pH 7.6, 0.1 M DTT [21] . DNA was sheared by sonication and lysate clarified by centrifugation. Protein extracts were alkylated with 50 mM iodoacetamide in 8 M urea, 100 mM Tris-HCl pH 8.5. Protein was then digested with sequencing grade porcine trypsin (Promega, Madison, WI) at a 1:100 enzyme to protein ratio in 50 mM ammonium bicarbonate. One hundred micrograms of each lysate was digested, and one fiftieth of the digest was analyzed for each sample by mass spectrometry. Tryptic peptides were separated on reverse phase Jupiter Proteo resin (Phenomenex, Torrance, CA) on a 100 × 0.075 mm column, using a nanoAcquity UPLC system (Waters Corporation, Milford, MA). Peptides were eluted using a 60 min gradient from 97:3 to 35:65 buffer A: B ratio. Buffer A = 0.1 % formic acid, 0.5 % acetonitrile; buffer B = 0.1 % formic acid, 75 % acetonitrile. Eluted peptides were ionized by electrospray (1.9 kV) followed by MS/MS analysis using collision-induced dissociation on an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, San Jose, CA). MS data were acquired using the Fourier transform mass spectrometry analyzer in profile mode at a resolution of 60,000 over a range of 375-1500 m/z with lock mass correction (445.1200 m/z). MS/MS data were acquired for the top 15 peaks from each MS scan using the ion trap analyzer in centroid mode and normal mass range with a normalized collision energy of 35.0. Tandem mass spectra were extracted by Thermo MSFile Reader version 2.2. Charge state deconvolution and deisotoping were not performed. All MS/MS samples were analyzed using MaxQuant (Max Planck Institute of Biochemistry, Martinsried, Germany; version 1.3.0.5) to search the IPI human protein database (version 3.87, 91,520 entries), assuming the digestion enzyme strict trypsin using 1.0 % false discovery rate thresholds for both protein and peptide identification. Following an initial re-calibration of peptide masses at 5 ppm tolerance, MaxQuant analysis was performed with a fragment ion mass tolerance of 0.5 Da and a parent ion tolerance of 2 ppm. Carbamidomethyl of cysteine was specified as a fixed modification. Oxidation of methionine and acetylation of protein N-termini were specified as variable modifications. The MaxQuant label-free quantification algorithm [22] was applied to allow comparison across individual MS runs. Scaffold (version 4.3.2, Proteome Software Inc., Portland, OR) was used to verify MS/ MS-based peptide and protein identifications. MaxQuant precursor ion intensity data were normalized in Scaffold by summing the top three unique peptide precursors for each protein. Peptide identifications were accepted if they could be established at greater than 95.0 % probability by the Scaffold local false discovery rate algorithm. Protein identifications were accepted if they could be established at greater than 99.0 % probability and contained at least two identified peptides in at least one of the biological samples. Protein probabilities were assigned by the Protein Prophet algorithm [23] . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Statistical analysis
Wilcoxon signed-rank test was used to compare (1) pre-vaccination and post-4 vaccination HPV 16 viral loads in persistently HPV 16-positive subjects and (2) pre-vaccination and post-2 vaccination plasma cytokine/ chemokine levels. Wilcoxon rank-sum test was used to compare pre-vaccination cytokine/chemokine levels between histological responders and non-responders. Nonparametric repeated measures analysis was used to compare cytokine/chemokine levels between plasma samples separated at 1 and 2 h after phlebotomy.
With the proteomics data, normalized precursor intensities were log-transformed for statistical analysis to stabilize variance. Pearson's correlation coefficient was used to evaluate the consistency of intensities between replicate samples from the healthy donor. For samples from the five vaccine recipients at three time points, proteins were tested for change in mean log-intensity from baseline to post-4 vaccinations using a paired version of the moderated t test, as implemented in the R/Bioconductor package limma [24] . The package limma is widely used in gene expression array analysis and increasingly in proteomic contexts. The moderated t test is an empirical Bayes approach, equivalent to shrinkage of the estimated sample variances toward a pooled estimate, resulting in more stable inference when the sample size is small. We only tested those 294 proteins for which at least two patients had intensity data available at both baseline and post-4 vaccinations, which ensured that variance estimates were specific to each protein. Corrections for multiple comparisons were not performed.
Results
Final dose part of Phase I clinical trial
The demographic characteristics, HPV types, new immune responses to HPV 16 E6, and histological analyses of subjects who received vaccination in the final dose phase are summarized in Supplementary Table 1 . Eight of ten subjects completed the study. As with the dose-escalation part of the Phase I clinical trial [17] , no dose-limiting toxicities were reported, and the most common adverse event (AE) was mild to moderate immediate injection site reactions which were reported with all injections. The AEs for subjects who received the 50 μg per peptide dose (six subjects from the dose-escalation phase and ten subjects from the final dose phase) are summarized in Supplementary Table 2 .
Histological regression rates, virological response rates, and immunological response rates of different dose levels are summarized in Table 1 . The final regression rate of the 50 μg dose group (n = 14) was 50 %, which was the same as the 100 μg dose (n = 6). Although the study is not powered to detect differences in efficacy among different dose levels, there was a trend of lower doses (50 and 100 μg) being more effective than the higher doses (250 and 500 μg). No statistically significant differences were detected when histological response rates were compared (1) between subjects with entry diagnosis of cervical intraepithelial neoplasia (CIN) 2 versus CIN3, (2) between subjects ≤25 years of age versus >25 years of age, and (3) between subjects who were HPV 16-positive versus those who were not. The number of HPV types detected prior to vaccination ranged from 0 to 6 types (Supplementary Table 1 and Table 1 of [17] ). The rate of at least one HPV type becoming undetectable at exit was the highest (85 %) at the 50 μg dose (Table 1 ). When the HPV types which became undetectable were grouped into HPV 16, HPV 16-related, other high-risk types, and low-risk types, the rate of undetectability was paradoxically higher for non-HPV 16 types (Supplementary Table 3 ). Immunological responses to HPV 16 E6, as measured by IFN-γ ELISPOT assay, were similar among the first three dose levels in terms of detecting positive response to at least one new E6 region and for the increase in response being statistically significant (Table 1 ). The lowest response rate was observed for the 500 μg dose level. In three of eight subjects who completed the final dose phase, the increase in CD3 T cell response to at least one HPV 16 E6 region was statistically significant, as shown in Supplementary  Fig. 1 . No significant increases to HPV 16 E7 regions were measured.
Immune profiling (Fig. 1) showed statistically significant increases in circulating T-helper type 1 (Th1) cells after 2 (p = 0.02) and 4 vaccinations (p = 0.0004). T-helper type 2 (Th2) cells initially increased significantly (p = 0.01) but decreased to below the baseline level after four vaccinations, although not significantly. Regulatory T cell (Treg) levels were minimally changed. The differences in Treg levels pre-vaccination (p = 0.03) and post-2 vaccinations (p = 0.04) between these two groups were statistically significant (Fig. 1b) .
HPV 16 viral load
Of 13 subjects in whom HPV 16 DNA was detected prior to vaccination, it became undetectable in three subjects and was persistent in nine subjects. One HPV 16-positive subject did not complete the study (Supplementary Table 1 ). In the patients with persistent HPV 16 viral loads, a significant decrease (mean of 840 copies per cells to 76.6 copies per cell, p = 0.008) was observed (Fig. 2) .
Multiplex cytokine/chemokine analysis
The comparisons of cytokine/chemokine plasma concentrations between plasma separated at 1 and 2 h after 19 blood draws revealed statistically significant differences in 15 of 44 analytes (Table 2 ). Most were decreased over time but some increased. Comparisons of cytokine/chemokine levels between pre-vaccination and post-2 vaccination revealed a statistically significant decrease only in RANTES (median decrease of 1,703 pg/ml, decrease observed in 14 of 19 subjects examined, p = 0.003). Comparison of pre-vaccination cytokine levels between histological responders and non-responders showed significantly higher levels among responders compared to non-responders in 8 of 44 analytes examined (Supplementary Table 4 ).
Proteomic analysis
Proteomic analysis of PBMCs from a healthy donor was carried out by processing them on the day of and 1 day after the blood draw (each in duplicate), while PBMC samples from the five selected vaccine recipients were processed on the day of each blood draw (single). Blood samples drawn prior to vaccination, after 2 vaccinations, and after four vaccinations were available from each vaccine recipient. A total of 548 proteins were present in at least one replicate from the healthy donor. In samples drawn from the healthy donor, normalized precursor intensities from duplicate liquid chromatography-dual mass spectrometry (LC-MS/ MS) runs on PBMCs processed on the same day as blood draw were highly correlated (r = 0.85, Fig. 3 ), as were data from replicate runs on PBMCs processed on the day after blood draw (r = 0.92) among the 304 proteins detected in all four runs. However, correlation coefficients of four (9) 67 (4) 83 (5) 20 (1) 61 (19) Significant response to HPV 16 E6 43 (6) 50 (3) 50 (3) 20 (1) 42 (13) possible comparisons between same day PBMCs and next day PBMCs were substantially lower (r = 0.66, 0.64, 0.75 and 0.70). Therefore, the timing of PBMCs processing should be kept constant. A total of 651 proteins were detected in at least one of the 15 samples (5 patients × 3 time points). A paired moderated t test identified 24 proteins significantly changed in abundance between baseline and after four vaccinations (p < 0.05), with 17 decreasing and 7 increasing. The molecular weight, fold change between baseline and post-4 vaccination, Limma p value, and biological functions of these 24 significantly changed proteins are summarized in Table 3 .
Discussion
As this study was a Phase I clinical trial, the primary end point was safety. No dose-limiting toxicities were reported during the dose-escalation [17] and the final dose phases demonstrating that PepCan is safe. The most common AE was immediate injection site reactions, which occurred with 100 % of injections, and was characterized with redness and itching. Other commonly reported AEs were myalgia, nausea, headache, and fatigue ( [17] and Supplementary Table 2 ). In addition, we examined histological response, virological response, immunological response (Table 1, Supplementary Fig. 1 ) and also characterized peripheral immune cells before and after vaccinations (Fig. 1) . Although the 50 μg dose level was chosen for the final dose phase for having had the best histological regression rate (83 %) in the dose-escalation phase (n = 6), the final regression rate of the 50 μg dose at the study completion (n = 14) was the same as the 100 μg dose, suggesting that the initial higher response may have been a statistical aberration due to a small sample size. However, the virological response was still the highest at the 50 μg dose. The lowest response rates for the highest dose (500 μg) among histological, virological, and immunological responses are consistent and raise a possibility that immune tolerance may have been induced when a larger amount of antigens were injected. To our knowledge, this is the first clinical trial of an HPV therapeutic vaccine which examined HPV 16 viral loads in addition to HPV DNA testing. Although nine subjects had persistent HPV 16 infection, the viral loads were significantly decreased (Fig. 2) , suggesting that longer observation may lead to even lower HPV 16 viral load or even reaching levels below the threshold of detection. This rationale justifies the design of the Phase II clinical trial in which the observation period will be extended to 12 months from the time of last vaccination instead of Although no data appear to be available for change in HPV 16 viral loads in unvaccinated women with CIN2/3, only 38 % decrease in 1 year (from 0.85 copies per cell to 0.53 copies per cell) was reported in unvaccinated women under 30 who had normal cervical cytology [26] . The detectability of HPV 16 after vaccination in those subjects who had HPV 16 at entry may correlate well to histological regression, as the three subjects whose HPV 16 infection became undetectable all had no evidence of dysplasia in loop electrical excision procedure samples. On the other hand, seven of nine subjects in whom HPV 16 infection persisted were histological non-responders, one subject was a partial responder, and another subject was a complete responder who had CIN1 in loop electrical 14) showed clearance of HPV 16, suggesting HPV 16 infection persisted longer beyond regression of vulvar intraepithelial neoplasias in that study. As our earlier in vitro studies [7, 14] have demonstrated that Candida most commonly induces IL-12 secretion by Langerhans cells, whether HPV peptides are present or not, the Th1 promoting effect after 2 and 4 vaccinations (p = 0.02, and 0.0004, respectively; Fig. 1a ) is likely to be an adjuvant effect. The adjuvant only arm included in the Phase II clinical trial will further elucidate the role of Candida in Th1 promotion. Th2 level curiously increases initially after two vaccinations (p = 0.01), but decreased below the baseline after four vaccinations. It may be that the presence of HSIL or the condition that allows progression to HSIL maybe Th2 promoting which requires more than two injections to be reversed. While Treg levels were basically unchanged following vaccinations, the Treg levels prior to vaccination and after two vaccinations were significantly different between histological regressors and persistors (p = 0.03 and 0.04, respectively; Fig. 1b) . These results raise a possibility that pre-vaccination Treg level may be used as a biomarker for histological non-responsiveness to therapeutic vaccination, as no subject with prevaccination Treg levels ≥0.7 % responded.
In order to incorporate additional analyses for identifying potential biomarkers in the Phase II study, selected plasma and PBMC samples were analyzed to assess the feasibility of performing multiplex cytokine/chemokine assay and proteomic analysis, respectively. Attention would need to be paid as to how soon after blood draw samples are processed as 34 % (15 of 44) of cytokines/chemokines analyzed had statistically significant differences between values determined between plasma samples separated 1 and 2 h after blood draw (Table 2) . Likewise, correlation coefficients of comparisons between same day PBMCs and next day PBMCs were lower compared to those from duplicates from same day as well as the next day, suggesting the importance of being consistent as to how long after the blood draw the samples should be processed.
When changes in the pre-vaccination and post-2 vaccination cytokine/chemokine levels were compared, only RANTES was significantly decreased. RANTES is also known as chemokine (C-C motif) ligand 5 or CCL5, and it binds to a G protein-coupled receptor [28] . It has chemotactic role for T cells [29, 30] , eosinophils [31] , monocytes [29] , dendritic cells [32] , mast cells [33] , and basophils [33] , and it can also activate NK cells [34] . Higher plasma RANTES levels in order of stages IV, III, II cervical and breast cancer cases have been reported [35] . For the current study, whether or not this significant decrease can be reproduced in our Phase II clinical trial as well as whether the decrease extends beyond two vaccinations would be of interest to determine.
When pre-vaccination cytokine/chemokine levels were correlated with histological response, eight cytokine/ chemokines were significantly elevated in histological responders compared to non-responders (Supplementary Table 4 ). As the purpose of these analyses was to establish the feasibility for Phase II, corrections for multiple analyses were not performed. While the paradoxically higher levels of Th2 cytokines (i.e., IL-6 and IL-10) are interesting, one would need to wait for the results of future studies to draw conclusions. In short, the Phase I clinical trial of PepCan has demonstrated its safety and decrease in HPV 16 viral load in those who were HPV 16-positive at entry. It would be feasible to perform multiplexed cytokine/ chemokine analysis of plasma samples and proteomic analysis of PBMC samples, but attention would need to be paid as to when these samples are processed.
